Supersaturated Al-Ti-Cr alloys were produced by a continuous electron beam evaporation technique. The as-deposited alloy sheets were fcc supersaturated solid solution with an average grain size of about 400 nm. Due to the fine grain size, the hardness of the alloy was as high as 270 H v . The sheet showed age hardening, and the peak hardness of 340 H v was obtained after aging at 623 K for 900 s, in which ultrafine coherent precipitates of L1 2 Al 3 Ti phase were uniformly dispersed. As the annealing temperature increased up to 773 K, large D0 22 particles precipitate by the discontinuous precipitation mode and the hardness significantly decreased. Although Cr was confirmed to be enriched in the L1 2 particles, it did not completely stabilize the L1 2 phase probably due to the effect of oxygen.
Introduction
Nanocrystalline and ultrafine grained metals and alloys receive much interest because of their high tensile strength and unique deformation properties originating from grain boundary sliding. 1) Nanocrystalline and ultrafine grained aluminum alloys have been produced by a variety of processing routes such as devitrification from rapidly solidified amorphous precursors, 2, 3) powder metallurgy, 4) severe plastic deformation, 5) mechanical milling, 6) and vapor deposition. 7) In practical applications, however, bulk-shaped samples are needed, thus some of the above techniques are not industrially promising. Bickerdike et al. 8) reported that bulky Al-Cr supersaturated solid solution can be processed by the vapor deposition technique. More recently, Kita et al. also demonstrated that a sheet of ultrafine grained aluminum alloys with a large supersaturation of transition metal elements such as Ni, 9) Fe, 10) and Ti 11) can be processed by a continuous electron-beam evaporation technique. The maximum size of the sheet sample was as large as 120 mm Â 120 mm Â 0:5 mm. Kumagai et al. 11) investigated the age-hardening behavior of the supersaturated Al-Ti binary alloys produced by this technique, and reported that Al-13 at%Ti alloy showed substantial precipitation hardening at 623 K with a peak hardness of 310 H v after annealing for 1 h. The precipitation of metastable L1 2 Al 3 Ti was observed having a lamellar morphology, but the peak hardening was observed before the discontinuous precipitation of the Al 3 Ti phase was observed. The hardness was decreased substantially after aging at 723 K when the discontinuous precipitation of L1 2 Al 3 Ti phase and the formation of equated D0 22 Al 3 Ti particles were observed. Since the peak hardness was obtained before any microstructural changes were detected by transmission electron microscopy (TEM), 11) the real origin of the hardness increment has not been identified.
Since the strength and ductility of the alloys were significantly degraded when the equilibrium D0 22 Al 3 Ti phase precipitates, it is desirable to stabilize the L1 2 precipitates and retard the formation of the D0 22 phase to improve the high temperature performance of this type of alloys. It is known that the L1 2 phase can be stabilized by substituting Al with Mn, 12) Cr, 13) and Ni, 14) thus there is a possibility to stabilize the L1 2 Al 3 Ti phase with respect to the D0 22 Al 3 Ti by adding Cr, Mn, and Ni. In the present study, therefore, Al-Ti-Cr ternary supersaturated alloys with ultrafine grains have been prepared by the continuous electronbeam evaporation technique to disperse fine stable and coherent precipitates, and their age-hardening behavior has been investigated in view of the hardness and the microstructures. The dispersion of the L1 2 phase has been investigated by high resolution transmission microscope (HREM), small-angle X-ray scattering (SAXS) and three dimension atom probe (3DAP) for clarifying the origin of the age hardening.
Experimental
Al-Ti-Cr alloy sheets of about 120 mm Â 120 mm Â 0:5 mm were prepared by means of the continuous electron-beam evaporation process in a vacuum better than 2:5 Â 10 À4 Pa. [9] [10] [11] Substrate temperature was controlled at 523 K and the substrate was rotated at 20 rpm. The distance from the substrate to the evaporate source was about 150 mm. Aluminum and Ti-14 at%Cr alloy rods were continuously supplied as evaporation sources. Since the vapor pressure of Cr is higher than those of Al and Ti, the compositional control was not easy. Figures 1(a) and (b) show the composition and hardness of the sheet measured from the cross section of the two different sheet samples. The local composition was measured by energy-dispersive X-ray spectroscopy (EDX) on a scanning electron microscope (SEM). The composition of this sheet, Fig. 1(a) , is close to Al-6.5 at%Ti-1.5 at%Cr on the substrate side, but the Cr content decreased as the distance from the substrate increases. The maximum hardness was observed at the distance of 270 mm from the substrate side, in which the composition was close to Al-9 at%Ti-1.5 at%Cr (hereafter denoted as Al-9Ti-1.5Cr). The ratio of Ti:Cr is approximately 6:1, which is far lower than that for the stable L1 2 (Al,Cr) 3 Ti phase, i.e. Al 65 Cr 10 Ti 25 with Ti:Cr=2.5:1. Thus, another sheet was prepared by controlling the electron beam power of Ti-Cr alloy source so that the alloy composition can be kept constant throughout the distance form the substrate. The composition and hardness of this sheet was rather constant up to the distance of about 230 mm from the substrate as shown in Fig. 1(b) . The composition in this region was Al-5 at%Ti-2 at%Cr (hereafter denoted as Al-5Ti-2Cr), whose Ti:Cr ratio is the same with that of the stable L1 2 (Al,Cr) 3 Ti phase i.e. Ti:Cr=2.5:1. The detailed microstructural observation and hardness measurement was performed in these two sheets. As-deposited Al-Ti-Cr sheets were annealed in a salt bath, followed by water quench. Vickers hardness was measured by Akashi MVK-H2 hardness testing machine by applying a load of 0.98 N for 15 s. Differential scanning calorimetry (DSC) measurements were performed in a PERKIN ELMER Pyris 1 at a heating rate of 0.67 K/s.
The microstructure was investigated by a Philips CM200 transmission electron microscope operated at 200 kV and a JEM-4000EX HREM operated at 400 kV with a point-topoint resolution of about 0.17 nm. The TEM samples were prepared by mechanical polishing, followed by electropolishing in an electrolyte of 3/10 nitric acid and 7/10 methanol at about 240 K. The constituent phases were checked by X-ray diffraction (XRD) using the Cu-K radiation. Small-angle x-ray scattering was measured by a Rigaku PSAXS-3S SAXS apparatus with a pinhole collimation and a Mo target. For atom probe investigations, the bulk sample was cut into small rods and mechanically ground to square rods of approximately 100 mm Â 100 mm Â 10 mm and then sharpened by a micro-electropolishing technique to obtain field ion microscope (FIM) tip specimens. Energy compensated three-dimensional atom probe (EC-3DAP) equipped with the CAMECA optical tomographic atom probe (TAP) detection system 15) was used in this study. Atom probe analyses were performed at a tip temperature of about 50 K in an ultrahigh vacuum condition (< 1 Â 10 À8 Pa) with a pulse fraction (a ratio of pulse voltage to the static voltage) of 0.2 and a pulse repetition rate of 600 Hz.
Results
Figures 2(a) and (b) show the time dependence of Vickers hardness of the Al-9Ti-1.5Cr and Al-5Ti-2Cr sheets at various aging temperatures. Since the grain size is about 400 nm and the degree of supersaturation is high, the hardness of the as-deposited stage is rather high compared with those of conventional aluminum alloys. Except for 773 K, the Al-9Ti-1.5Cr sheet show age hardening, and the peak hardness is approximately 340 H v after aging at 623 K for 900 s. At 673 K, the hardness of the sheet decreases rapidly after 900 s aging. At 773 K, the hardness drops on aging without showing any age-hardening behavior. In the Al-5Ti-2Cr sheet, the age-hardening progresses much more slowly at 623 K, reaching the peak hardness of 245 H v after aging for 28800 s as shown in Fig. 2 (b). Since the solute content is much lower than that of the Al-9Ti-1.5Cr sheet, both the initial hardness and the peak hardness of the Al-5Ti-2Cr sheet are much lower than those of the Al-9Ti-1.5Cr sheet. From these hardness values, it is estimated that the tensile strength of the Al-9Ti-1.5Cr sheet is expected to be higher than 1000 MPa in the peak aged condition. The tensile strength of the Al-5Ti-2Cr sheet will be around 700 MPa, which is equivalent to the peak strength of 7000 series aluminum alloys. Figures 3(a) and (b) show differential scanning calorimetry (DSC) curves of the Al-9Ti-1.5Cr and Al-5Ti-2Cr sheets scanned at a heating rate of 0.67 K/s. Both as-deposited sheets show two exothermic peaks, i.e. at around 646 K and 753 K in the Al-9Ti-1.5Cr sample, 640 K and 780 K in the Al5Ti-2Cr sample. The first exothermic peak is attributed to the precipitation of metastable L1 2 phase, and the second one to the precipitation of the D0 22 phase by the following TEM observations. Although as-deposited samples show small exothermic shoulder between two peaks, the origin of this shoulder is not clear. The Al-9Ti-1.5Cr sheets aged at 623 K for 900 s and 3600 s exhibit only the second exothermic peak as shown in Fig. 3(a) , suggesting that the precipitates formed by aging at 623 K are the L1 2 phase. No exothermic peak is detected in the sheets annealed at 773 K for 3600 s, suggesting that stable D0 22 phase precipitates by aging at 773 K. It is noted that the DSC curves for these two sheets are very similar to those reported for the Al-Ti binary alloys.
11) The onset temperature for the L1 2 Al 3 Ti precipitation in the Al9Ti and Al-6Ti alloys were reported to be approximately 560 K, 11) which is almost identical to those for the present Crcontaining sheets. On the other hand, the onset temperatures for the precipitation of the D0 22 phase are substantially increased in the present sheets. For example, the onset and peak temperatures for the D0 22 phase precipitation in the Al9Ti-1.5Cr sheet are 670 K and 753 K, respectively, while those for Al-9Ti binary alloy are approximately 600 K and 720 K. 11) This suggests that the addition of Cr improves the thermal stability of the L1 2 phase against the transformation to the D0 22 phase. Figure 4 shows TEM bright field images and selected area diffraction patterns of the Al-9Ti-1.5Cr sheets with various aging conditions. Fine fcc Al grains of approximately 400 nm are observed in the as-deposited sheet as shown in Fig. 4(a) . Closer observation shows that a large density of dislocations are present within the grains. XRD profiles of the sheets (not shown here) indicate that the grains are strongly textured to the h111i directions. Although the L1 2 phase was detected in the SAED pattern of the sheet annealed at 623 K for 900 s (Fig. 4(b) ), no contrast suggesting the presence of precipitates was observed in the bright field image. Even in the dark field images excited using the superlattice spots did not clearly show the presence of the L1 2 precipitates. The peak hardness occurred in this stage, but the only noticeable structural difference was the appearance of the weak L1 2 superlattice diffraction spots in the SAED pattern as shown in Figs. 4(b) and (e). The lack of precipitate contrast in the TEM images may be due to the low degree of order of the L1 2 particles. The matrix grain size is similar to that of the asdeposited one, but the dislocation density appears to be lower than that of the as-deposited sample. In the sheet annealed at 623 K for 3600 s (Fig. 4(c) ), no significant difference was noticed compared with the sheet annealed for 900 s at the same temperature, but lamellar structures were occasionally observed as indicated by the arrows. The enlarged image of the lamellar structure is shown in Fig. 5 . The dark field image was obtained using the ð10 " 1 1Þ L1 2 superlattice spot. The brightly imaged regions in the dark field image correspond to the L1 2 phase. Note that extremely fine particles are observed within the grains in addition to the discontinuously precipitated lamellar region. Figure 4(d) shows TEM bright field image and SAED pattern of the Al-9Ti-1.5Cr alloy annealed at 773 K for 3600 s. Corresponding simulated diffraction pattern is shown in Fig. 4(f) . The D0 22 particles of 50 $ 200 nm can be clearly seen from the bright field image. The formation of the large D0 22 particles at the expense of fine coherent L1 2 particles may be the reason for the decrease in hardness.
Although the TEM image did not show the presence of the dispersion of fine L1 2 precipitates in the peak-aged Al-9Ti-1.5Cr sheet, the presence of finely dispersed precipitates was successfully confirmed by small-angle-X-ray scattering (SAXS). Figure 6(a) shows the SAXS profiles of the Al9Ti-1.5Cr sheets annealed at 623 K for 900 and 3600 s. The SAXS profile of the as-deposited sample is subtracted from each profile, thus they are due to the precipitation of the L1 2 particles. The average size of the precipitates can be estimated from the differential profiles. The radius of Age Hardening of Ultrafine Grained Al-Ti-Cr Alloys Fabricated by Continuous Electron Beam Evaporationgyration, R g estimated from Guinier plot of the differential profile ( Fig. 6(b) ) is about 5 nm for the sheet annealed for 900 s. Assuming the spherical morphology, the average particle size can be evaluated as about 12 nm (¼ 2 ffiffiffiffiffiffiffi ffi 5=3 p R g ). Since the SAED pattern shows the existence of L1 2 phase (Figs. 4(b) , (e)), the SAXS profiles are attributed to finely dispersed L1 2 precipitates. After 3600 s annealing, the Guinier region for the precipitates does not appears in the observed q-region indicating that the precipitates are coarsened forming lamellar structure as shown in Fig. 5 .
Similar microstructural evolution was observed from the Al-5Ti-2Cr sheet. Figure 7 shows bright field image of the Al-5Ti-2Cr sheets in the as-deposited and peak-hardness conditions (623 K for 28800 s). Again, no noticeable difference can be seen in the bright field image. Difference can be seen only in the SAED pattern, i.e. L1 2 superlattice spots are clearly observed in the annealed sheet. In the diffraction pattern, the L1 2 superlattice spots are diffuse because of the extremely fine size of the L1 2 precipitates. The other weak diffuse scatterings are due to the presence of surface oxide. The L1 2 precipitates were observed by HREM as shown in Fig. 8 . The HREM image indicated by circles exhibits the ordered lattice corresponding to the L1 2 structure. The Fourier transform of the HREM image clearly shows the L1 2 superlattice spots as marked by the circles. Figure 8(b) shows an inverse Fourier transform image using the above L1 2 superlattice spots, which clearly shows nanoscale L1 2 ordered regions are present in the disordered fcc matrix. To measure the local chemical composition of the L1 2 ordered regions, the peak aged Al-5Ti-2Cr alloy annealed at 623 K for 28000 s was analyzed by 3DAP. Figure 9(a) shows the 3DAP elemental maps of Ti, Cr, and O within the analysis volume of approximately 6 Â 6 Â 60 nm 3 . Each dot corresponds to single atom. There is a localized region enriched with Ti, Cr, and O atoms. This region of approximately 10 nm is believed to correspond to the L1 2 precipitate observed in the above HREM image. Figures 9(b) and (c) show integral compositional profiles calculated from the above volume, in which the number of detected each solute is plotted as a function of the total number of detected atoms, thus the slopes of the plots shown as dotted line represent the average local compositions of the solute. The average composition of the Ti and Cr enriched region is approximately Al 77 Cr 10 Ti 10 O 3 . Compared to the equilibrium composition of the ternary L1 2 phase, Al 65 Cr 10 Ti 25 , 13) the concentration of Ti is substantially lower. This may be the reason why the presence of the L1 2 nanoparticles were not clearly observed with the conventional TEM observation in the peak hardness condition. Note that the Cr concentration is close to the equilibrium one; nevertheless, the L1 2 precipitate was unstabilized above 773 K. The part of the reason may be the low concentration of Ti and enrichment of oxygen in the L1 2 phase.
Discussion
The features of these vapor deposited sheets are their high hardness from the as-deposited state. The as-deposited sheets are supersaturated solid solution with grain size of approximately 400 nm for the Al-9Ti-1.5Cr sheet, and 800 nm for the Al-5Ti-2Cr sheet. The difference in hardness may be explained from the finer grain size of the Al-9Ti-1.5Cr sheet based on the Hall-Petch relationship as reported by Kumagai et al., 11) but solid solution hardening must also give some minor contribution on the hardness. On aging at 623 K, remarkable age hardening occurs in a short time. Al-9Ti-1.5Cr sheet show peak hardness of 347 H v after 900 s aging, and its increment from the as-deposited state, ÁH v is approximately 70 H v . At 673 K, the peak hardening also occurs in 900 s, but drastic overaging occurs only after 1800 s aging. This overaging is due to the precipitation of the equilibrium D0 22 Al 3 Ti type phase. In the Al-5Ti-2Cr sheet, the age hardening proceeds more slowly because of the lower supersaturation of Ti. The peak hardness is approximately 240 H v , and its increment from the as-deposited state is about 70 H v , almost the same as that for the Al-9Ti-1.5Cr sheet. It is interesting to note that almost the same amount of hardness increment was observed in the two sheets, while the supersaturation of solute is higher in the Al-9Ti-1.5Cr sheet. sheet aged at 623 K for 3600 s. Although the bright field image does not show much change in the microstructural feature during age hardening process, the SAED and SAXS results indicated that L1 2 phase precipitates with average diameter of about 10 nm. Since the interparticle interference peak from the precipitates did not appear in the SAXS profiles, it was not possible to measure the interparticle distance of the precipitates. This also suggests that the volume fraction of the L1 2 phase particles are not very high, although a large volume fraction of L1 2 precipitates is expected from the high supersaturation in Al-9Ti-1.5Cr alloy. The HREM image does not show any clear interface and the 3DAP results show the diffuse interface between the L1 2 phase and the matrix. The 3DAP result also shows that the Ti concentration in the L1 2 particle is less than half of the stoichiometry of the equilibrium (Al,Cr) 3 Ti phase. This suggests that the degree of order of the L1 2 phase that appears in the initial stage is low. This may be the reason why the precipitation of the L1 2 phase was not observed in the bright field image. On the other hand, the Cr concentration in the L1 2 phase is close to that expected from the stoichiometry of the stable L1 2 (Al,Cr) 3 Ti phase, i.e. Al 65 Cr 10 Ti 25 . This Cr enrichment appears to stabilize the L1 2 phase slightly compared to those in the binary Al-Ti alloy, while it still transforms to the D0 22 phase above 700 K. This may be because the Ti concentration of the L1 2 phase was much lower than the stoichiometry of the equilibrium phase due to the oxygen enrichment in the (Al,Cr) 3 Ti phase as observed in Figs. 9(b)(c) . In the previous reports of continuous vapor deposition technique, 9-11) the effect of oxygen or the possibility of oxygen involvement during the deposition process has not been addressed at all. This work clearly showed that the oxygen concentration in the L1 2 particle was as high as 2.5 at%. Approximately 1 at% of oxygen was dissolved even in the matrix phase. This oxygen impurity may substantially affect the phase stability as well as the mechanical property of this alloy. In order to obtain the equilibrium L1 2 phase as we intended, the control of oxygen impurity may be critical in the vapor deposition process.
Conclusion
The age-hardening behavior of supersaturated Al-Ti-Cr sheets synthesized by the continuous electron beam evaporation method have been studied from the microstructural point of view and the following conclusions were obtained.
(1) The as-deposited Al-9Ti-1.5Cr and Al-5Cr-2Ti sheets consisted of a supersaturated fcc Al phase with an average grain size of about 400 nm and 800 nm, respectively. The Vickers hardness was 270 H v for the Al-9Ti-1.5Cr sheet and 170 H v for the Al-5Cr-2Ti sheet. (2) Significant age-hardening was observed at 623 K due to the uniform dispersion of fine coherent precipitates of the metastable L1 2 Al 3 Ti phase. The hardness reached to a peak value of about 340 H v for Al-9Ti-1.5Cr and 240 H v for Al-5Ti-2Cr. The Ti concentration of the L1 2 particle was only 10 at%, substantially lower than the equilibrium value of the (Al,Cr) 3 Ti phase, 25 at%. (3) After over aging Al-9Ti-1.5Cr at 623 K, Al 3 Ti/Al lamellar microstructure was formed by the discontinuous precipitation at the expense of the uniform nanoscale dispersion of the L1 2 Al 3 Ti particles. (4) At 773 K, the formation of D0 22 particles was observed, and a drastic reduction of the hardness occurred. (5) Although the thermal stability of the L1 2 phase was slightly improved by the addition of Cr in the Al-Ti binary system, the equilibrium L1 2 (Al,Cr) 3 Ti phase was not formed by aging. The metastable L1 2 particles transformed to the D0 22 phase above 700 K. (6) It was found that approximately 2.5 at% of oxygen was enriched in the L1 2 particle. This may be the reason for the metastable nature of the L1 2 particle. 
